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Polarized cell behaviors are the
cornerstone of morphogenesis
during animal development. One
example of such a cell behavior is
convergent extension, whereby a
group of cells interdigitate
specifically in one axis, thereby
elongating the tissue as a whole in
the perpendicular axis (Figure 1A).
In vertebrates, it has become clear
that molecules of the planar cell
polarity (PCP) signaling cascade
are critical regulators of
convergent extension. However,
exactly how this pathway
functions during convergent
extension remains to be
elucidated. Recent work in this
issue of Current Biology by Ray
Keller’s group [1] suggests that
PCP signaling in vertebrates may
be even more complex than
previously thought.
In order to understand how
molecular signals govern tissue
movements, we first must
describe the underlying cell
behaviors involved [2]. Time-lapse
microscopy reveals that a
stereotypical set of cell behaviors
drives convergent extension in
Xenopus embryos (Figure 1A).
Cells are initially unpolarized and
protrude randomly oriented,
unstable lamellipodia. As
convergent extension begins, cells
form stable protrusions
specifically in the mediolateral
direction. These protrusions stably
attach to mediolaterally
neighboring cells, and exert
traction, leading to polarized
interdigitation of cells (Figure
1A; [3,4]).
During convergent extension,
the polarity of lamellipodia is
controlled by components of the
PCP signaling cascade
(Figure 2A). Disruption of PCP
components, such as Dishevelled
or Strabismus (Vangl2), results in a
failure to form stable, polarized
protrusions [5–7]. The small
GTPases Rho and Rac are
activated downstream of PCP
signals, and are required for the
polarization of lamellipodia during
convergent extension [8,9]. These
findings led to the idea that PCP
signaling components control
convergent extension via the
cytoskeleton.
Goto and colleagues [1] provide
evidence for an exciting and
unexpected additional function for
PCP signaling — the polarized
deposition of extracellular matrix.
During Xenopus development, a
thick matrix of fibronectin is
assembled at the interface
between major tissues, for
example between the mesoderm
and the overlying neural tube and
also at the boundary between
notochord and somitic mesoderm
[10]. As such, a fibronectin matrix
underlies most tissues engaged in
convergent extension.
Now, Goto and colleagues [1]
report that in embryos with
disrupted PCP signaling these
fibronectin matrices fail to form.
Disruption of the PCP
components, Frizzled,
Strabismus/Vangl2, or Prickle
precludes the formation of normal
matrices at tissue boundaries.
Interestingly, however, fibronectin
deposition itself does not fail to
occur. Instead, the localization of
the matrix to tissue boundaries is
disrupted, and when PCP
signaling is perturbed,
disorganized fibronectin fibrils
accumulate throughout the
mesodermal tissues [1]. 
Importantly, the defects in
matrix deposition correlate with
defects in convergent extension
The PCP signaling cascade controls polarized cell behaviors in various
organisms. New evidence suggests that this signaling cascade also
controls the deposition of extracellular matrix during vertebrate
gastrulation.
Figure 1. Convergent extension movements and the extracellular matrix.
(A) Tissues that undergo convergent extension deposit a fibronectin matrix. These cells
are also characterized by mediolaterally stable lamellipodia that drive cell interdigita-
tion. (B,C) Disruption of PCP signaling components in Xenopus explants blocks both
fibronectin matrix deposition and mediolateral cell polarization. (B) Providing an artifi-
cial fibronectin matrix does not rescue cell interdigitation if Frizzled or Strabismus are
disrupted. (C) The effects of Prickle disruption can be overcome by supplying an artifi-
cial fibronectin matrix.
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and with defects in the
underlying cell behaviors; cells
do not align mediolaterally and
they fail to stabilize mediolateral
protrusions [1]. These results
raised the possibility that the
defects in cell behaviors
observed previously upon
inhibition of PCP signaling are
secondary to defective matrix
deposition. However, it is also
possible that the PCP pathway
plays a dual role, coordinating
both matrix deposition and the
polarization of lamellipodia.
To distinguish between these
two possibilities, Goto et al. [1]
sought to provide an exogenous
fibronectin matrix to tissues with
disrupted PCP signaling. Using an
elegant new approach [11],
explants of dorsal mesoderm
were cultured on fibronectin-
coated glass surfaces, providing
an exogenous fibronectin matrix
while simultaneously allowing
time-lapse imaging of the cells.
Intriguingly, the authors found
that when either Frizzled or
Strabismus/Vangl2 were
disrupted, convergent extension
cell behaviors could not be
rescued by an exogenous
fibronectin matrix (Figure 1B).
However, in tissues in which
Prickle function had been
disrupted, both mediolateral
interdigitation of cells and the
formation of mediolaterally
polarized lamellipodia were
rescued by exogenous fibronectin
(Figure 1C). This suggests that the
effect of Prickle on convergent
extension is mediated solely by
Prickle’s ability to control
fibronectin matrix deposition [1].
Taken together, these results
suggest two distinct functions for
the PCP cascade during
convergent extension (Figure 2).
First, Frizzled, Strabismus, and
Prickle work together in a non-
cell-autonomous manner to
effect the normal placement of
fibronectin matrices in the
embryo (Figure 2B); these
matrices are essential for
coordinating normal cell
behaviors during convergent
extension [12]. Second, Frizzled
and Strabismus, but not Prickle,
are necessary in a cell-
autonomous manner for cells to
respond to polarity cues and thus
to generate the stable,
mediolaterally oriented
lamellipodia that drive
interdigitation and convergent
extension movements
(Figure 2B). 
This study sheds important new
light on the function of vertebrate
PCP signaling. In particular, these
data may help to explain some
puzzling results. For example, in
the Xenopus notochord, the
intracellular PCP effector
Dishevelled can influence
convergent extension in a non-
cell-autonomous manner [13].
This could be explained by the
effect of PCP signaling on the
fibronectin matrix.
An important next step will be
to determine what role fibronectin
matrices play at tissue
boundaries. One possibility raised
by Goto and his colleagues [1] is
that these matrices may provide
polarity cues to the mesenchymal
cells that engage in convergent
extension. If this is the case, then
it will be important to explore the
generality of the matrix deposition
function, because convergent
extension of epithelial cells is also
controlled by PCP signaling.
Perhaps matrix deposition is less
important in epithelia, such that
PCP signaling may in these
tissues solely serve to control cell
polarization.
Two experimental settings
where this issue should be
explored are the mouse neural
tube and the ascidian notochord.
PCP signals appear to control
convergent extension of the
neural epithelium of mice [14]. A
role for PCP-dependent matrix
deposition in neural epithelia
bears further examination
because integrins and fibronectin
appear to be crucial for neural
morphogenesis and can regulate
cadherin function [12,15]. On the
other hand, other epithelia may
not rely on matrix deposition. For
example, Prickle and Dishevelled
both control cell polarity and
convergent extension in the
epithelial notochord of ascidian
embryos [16,17], but in these
cells, Dishevelled functions only in
a cell-autonomous manner [17].
Finally, this new work makes it
particularly important to examine
other developmental processes
that are controlled by PCP
signaling with an eye toward
understanding which of the two
functions — matrix deposition or
polarization — are involved.
Two recent studies [18,19] of
cardiac morphogenesis may in
fact highlight this dual role for
PCP signaling. In the first study
[18], it was shown that polarized
cell movements during the
formation of cardiac outflow tracts
involve actin rich lamellipodia,
reminiscent of those driving
convergent extension; in the
absence of Strabismus/Vangl2,
such protrusions fail to form [18].
In the second study [19], it was
shown that the vertebrate PCP
ligand Xwnt-11R controls heart
tube morphogenesis. Embryos
lacking Xwnt-11R developed
myocardial defects, which appear
to be due to defects in cell
adhesion [19]. Fibronectin is
essential for myocardial tube
fusion [20], so the defects
resulting from loss of Xwnt-11R
could certainly be the result of
defective deposition of the
fibronectin matrix. Further studies
addressing the link between PCP
genes and the extracellular matrix
will undoubtedly be of great
interest.
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Figure 2. Polarity genes and the
extracellular matrix.
(A) The vertebrate planar cell polarity
cascade controls convergent extension
(molecules examined in [1] are indicated
in red). (B) Strabismus, Frizzled and
Prickle are all necessary for matrix depo-
sition, but Prickle is not required cell-
autonomously to control cell polarity. 
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Invertebrates, like the late
comedian Rodney Dangerfield,
don’t get no respect, at least
when it comes to their capacity
for learning. This point was
brought home to me one evening
several years ago at a Japanese
restaurant in Los Angeles, where I
had taken our seminar speaker,
Professor X, for dinner. I was
describing the latest
developments in my laboratory
when the professor made a blunt
pronouncement: “invertebrates
don’t learn”, he told me. After I
had recovered from choking on
the piece of abalone sushi in my
mouth, I asked X how he could
hold such an absurd belief in the
face of significant scientific
evidence to the contrary. Blandly,
X replied that the lives of
invertebrates place such simple
demands upon them that they do
not require the ability to learn to
survive.
Although few neuroscientists
who work on learning in
vertebrates would publicly admit
to a prejudice as extreme as that
of Professor X, all too many
seem to treat studies of
invertebrate learning with benign
neglect, if not mild contempt. To
those of us who work on learning
in invertebrate systems this
situation is frustrating; higher
invertebrates exhibit
sophisticated learning abilities
that, in some instances,
represent true cognition [1]. But,
surely, we have ourselves partly
to blame. For over two decades,
neurobiologists of invertebrate
learning and memory have
overemphasized the importance
of simple presynaptic, or
nonsynaptic, learning
mechanisms [2,3]. It is therefore
not surprising that students of
vertebrate learning might
question the relevance of
invertebrate studies for their own
systems. As they well realize, the
cell biology of vertebrate learning
is far from simple; furthermore, it
appears to comprise elegant
mechanisms of associative
plasticity, such as N-methyl-D-
aspartate (NMDA) receptor-
dependent long-term
potentiation (LTP) [4,5] and
complex postsynaptic changes,
such as modulation of the
trafficking of postsynaptic a-
amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA)
receptors [6].
Enter the important new study
by Xia et al. [7], reported recently
in Current Biology. First, some
background: fifty-six years ago
the Canadian psychologist
Donald Hebb [8] proposed a
cellular model for how synapses
in the brain might become
strengthened during associative
learning. His proposal, commonly
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Associative Learning: Hebbian
Flies
Fruit flies can learn to associate an odor with an aversive stimulus,
such as a shock. New findings indicate that disrupting the expression
of N-methyl-D-aspartate (NMDA) receptors in flies impairs olfactory
conditioning. The findings provide support for a critical role for NMDA
receptors in associative learning.
